The phylogenetic position of the marine ascomycete genus Spathulospora was investigated using partial SSU and LSU DNA sequences obtained from dried herbarium specimens. Spathulospora was represented by the two species S. adelpha and S. antarctica. Phylogenetic analyses using Bayesian, parsimony, and neighbour-joining algorithms on SSU and LSU data sets agreed with the placement of Spathulospora. Both Spathulospora species are each others closest relatives, and group within the Lulworthiales (Sordariomycetes, Ascomycota) with support in all analyses. Members of the morphologically similar insect parasites in the Laboulbeniomycetes are not closely related to Spathulospora. Despite several striking morphological differences between Spathulospora and Lulworthiales, an important shared morphological character was found that until now had not been recognized. Ascospores of Spathulospora and some members of the Lulworthiales have apical chambers containing mucus believed to be involved in ascospore attachment. A closest relative to Spathulospora could not be determined.
INTRODUCTION
Considering its low importance to humankind, the marine ascomycete genus Spathulospora, parasitic on red algae, has been well studied. This was due to its intriguing, highly specialized morphology and to Kohlmeyer's (1975) theory placing Spathulospora as the evolutionary link between red algae and ascomycetes. Spathulospora was considered to combine morphological features of the insect-parasitic ascomycetes in the Laboulbeniomycetes judged primitive, with the habit of red algae (Kohlmeyer 1973) . Recent DNA data have refuted a close relationship between red algae and ascomycetes, originally posited by Sachs (1874), but had not yet been used to resolve the phylogenetic position of Spathulospora. To a great extent, this can be attributed to the difficulty in obtaining fresh material, since Spathulospora is limited to the Southern Hemisphere, between Antarctica and the southern regions of the adjacent continents (Kohlmeyer & Kohlmeyer 1975) . For this reason we used herbarium material for DNA extraction in our studies.
Despite their restricted occurrence in remote areas, a considerable amount is known about the five species of Spathulospora. This is partly due to numerous inadvertent collections of Spathulospora with its red algal host Ballia spp. on expeditions to Antarctic regions between 1840 and 1932. Examining algal herbarium specimens for the presence of fungi, Kohlmeyer (1973) found that a third of the red algal collections of Ballia callitricha were infected with species of Spathulospora. Ascomata of the perithecium type are seated singly or in pairs on crustose stromata formed on these rhodophycean algal hosts (Figs 1, 3, (6) (7) . On the outside of the host one stroma covers a small number of host cells, but the cell wall of only one host cell is penetrated by the fungus (Fig. 10) (Kohlmeyer & Kohlmeyer 1975) . Ascospores of Spathulospora did not germinate on artificial culture media, and members of the genus were considered to be obligate parasites, which was supported by evidence presented by Walker, Hughes & Bisalputra (1979) . They used a combination of light and electron microscopy and established that S. phycophila first proliferates within the host cell without penetrating the plasma membrane, and only afterwards forms the stroma and sexual structures on the surface, presumably using nutrients acquired from the host. In some cases, the interaction of species of Spathulospora and host triggers a reaction analogous to witches' broom in vascular plants : the alga produces long hairs which surround the stromata and ascomata of the fungus. The initiation of sexual reproduction in Spathulospora is comparatively well-known. It involves fertilization by intermediary of spermatia and trichogynes. Immature ascomata (except for those of S. antarctica) form numerous sterile hairs, similar antheridia-bearing hairs (Figs 2, 5) and transparent, thinwalled and inconspicuous trichogynes (Fig. 9 ).
Figs 6-9. Spathulospora antarctica. Fig. 6 . Young thalli (arrows) on branches of Ballia callitricha. Bar=150 mm. Fig. 7 . Longitudinal section through mature ascoma ; algal cells in cross section at the basis. Bar=50 mm. Fig. 8 . Ascospore with mucilage oozing from both apical appendages. Bar=10 mm. Fig. 9 . Surface of young thallus with protruding trichogynes. Bar=50 mm. Fig. 10 . Spathulospora lanata on Ballia hirsuta, thallus in longitudinal section (10 mm), acetocarmine-stained. a, base of antheridial hair ; b, thallus with radiating cells ; c, algal cell wall ; d, intracellular stroma ; e, pit-connection ; f, fungal pegs passing through algal wall ; g, partly contracted rhodoplast in adjoining cell. Bar=25 mm. Figs 8 and 10 in Nomarski differential interference contrast, the others in brightfield. Figs 7 and 9 from Kohlmeyer (1973) , and Fig. 10 from Kohlmeyer & Kohlmeyer (1975) ; all reprinted with permission of the Mycological Society of America.
Spermatia are produced in stalked or sessile antheridia originating from the stroma or the ascomata (Figs 2, 5) (Kohlmeyer 1973 , Kohlmeyer & Volkmann-Kohlmeyer 2003 . Kohlmeyer & Kohlmeyer (1975) observed that trichogynes reacted to the presence of spermatia by forming a contact papilla after adhesion of a spermatium.
Members of the insect parasitic Laboulbeniales show many morphological similarities to Spathulospora, for example reduced hyphal growth, sterile perithecial hairs, phialide-like antheridia, spermatia and trichogynes (Kohlmeyer 1973) . But is Spathulospora indeed related to the insect parasites in the Laboulbeniales? If not, what are the closest relatives of Spathulospora ? Using DNA sequences of the SSU and LSU ribosomal genes obtained from preserved herbarium specimens, we addressed these questions.
MATERIALS AND METHODS
DNA extraction, PCR and sequencing were attempted from four herbarium specimens representing three species of Spathulospora. The specimens were either air dried, or in formalin. Because specimens were small and some had been preserved in formalin, it was anticipated that DNA quality and yields would be low and subject to contamination. Amplification of short DNA fragments, followed by the design of taxonspecific primers and cloning were used to try to recover the Spathulospora ribosomal genes from background environmental contaminants. 
Specimens used

Spathulospora adelpha on
DNA extraction
DNA was extracted from dried herbarium specimens and from material stored in formalin. Ascomata were picked off the red algal host, and 20-50 of each collection were placed in a 1.5 ml microcentrifuge tube. The ascomata stored in formalin were then dried in a centrifuge under vacuum. A standard phenol-chloroform DNA extraction was used ), starting by adding 30 ml of lysis buffer to the ascomata, and briefly grinding them by hand using a plastic micropestle (ca five turns). The remaining 670 ml of lysis buffer were added, and the DNA extraction was continued as in , with an extended DNA precipitation step of 24 h (Ristaino, Groves & Parra 2001) .
PCR and sequencing
PCR reactions were performed with ReadyToGo PCR Beads, or puReTaq Ready-To-Go PCR Beads (Amersham Biosciences, Piscataway, NJ), following the manufacturer's instructions in a 25 ml final volume, using a GeneAmp PCR System 9700 (PE Biosystems, Foster City, CA). PCR programs differed in their annealing temperatures, and consisted of an initial denaturation of 5 min at 94 x, 40 cycles of denaturation (10 s at 94 x), annealing (20 s at 52 x, 55 x, or 50 x), and extension (30 s plus 4 s per cycle at 72 x), followed by a final extension (7 min at 72 x).
DNA sequencing reactions were set up using 4 ml of Big Dye Terminator Cycle Sequencing Kit v2.0 or 3.0 (Applied Biosystems), 100-200 ng of PCR product, and 3.2 pmol of sequencing primer per 20 ml final reaction volume. The PCR program used for sequencing consisted of an initial denaturation step of 5 min at 96 x, and 25 cycles of denaturation (10 s at 96 x), annealing (5 s at 50 x), and extension (4 min at 60 x) in the PCR machine given above. Sequencing gels were analysed using an ABI Prism 377 system (Applied Biosystems).
Primers used and annealing temperatures
The ITS1 region was the only region that could be PCR amplified with published fungal primers at both ends to yield clean DNA sequences : ITS1-F (Gardes & Bruns 1993 ) and ITS2 (White et al. 1990) were used for PCR and DNA sequencing for isolates of Spathulospora adelpha and Spathulospora antarctica (annealing temperature : 52 x). Specific primers were then designed and used in combination with published primers to extend the sequencing coverage into the neighbouring SSU and LSU genes.
For PCR reactions of the SSU gene, an annealing temperature of 52 x was used. To PCR amplify the SSU, reverse primer Sp124r (5k-CGC TGG TTC ACC AAC GGA G-3k) was designed approximately at the ITS1 primer site at the 3k end of the SSU, and used with forward primer SL1 (Landvik 1996) at the 5k end of the SSU, to PCR amplify most of the SSU in Spathulospora adelpha. The resulting PCR fragment was sequenced with SL1, NS19 and NS23 (Gargas & Taylor 1992) , NS2 (White et al. 1990 ), Bas3 and MB2 (Inderbitzin et al. 2001) , and Sp124r. For Spathulospora antarctica, the specific reverse primer 380r (5k-TGC TCG AGG CCA ACT CTT CC-3k) was designed in the ITS2 region, and used with forward primer BAS3 to PCR amplify the 3k portion of the SSU. The resulting DNA sequence was the template to design the Spathulospora antarctica-specific reverse primer Ar (5k-GCA GTA GGT AGT CTC AGG-3k) downstream of BAS3. The primer combination SL1/Ar yielded the remaining 5k portion of the Spathulospora antarctica SSU gene, which was then sequenced with primers NS2 and NS5, SL1, BAS3, 380r, MB2, and Ar.
For the LSU, only ca 600 bp from the 5k end were obtained. In Spathulospora adelpha, specific forward primer 38f (5k-AAG TCG TAA CAA GGT CTC CG-3k) was designed overlapping the ITS5 and ITS1 primer sites, and combined for PCR amplification with the reverse primer TW13 (Taylor & Bruns 1999) located inside the LSU (annealing temperature: 60 x). The resulting PCR product was sequenced with 38f, TW13, SpiF (5k-CCG CTG AAC TTA AGC ATA TC-3k) and its reverse-complement SpiR. For Spathulospora antarctica, the new specific forward primer 380f (5k-GGA AGA GTT GGC CTC GAG CA-3k) was designed in the ITS1 region and used together with TW13 for PCR amplification (annealing temperature: 52 x). The fragment was sequenced with 380f, TW13, SpiF and SpiR.
Phylogenetic analyses
DNA sequences were assembled using AutoAssembler version 1.4.0 (Applied Biosystems, Perkin Elmer Norwalk, CN) and DNA sequence alignments were generated by ClustalX (1.8) (Thompson et al. 1997) using default settings, and manually optimized in Se-Al v1.d1 (Rambaut 1995) . Phylogenetic analyses were performed using PAUP* 4.0b10 for parsimony and neighbour-joining analyses (Swofford 2002), and MrBayes v3.0b4 for Bayesian analyses of phylogeny (Huelsenbeck & Ronquist 2003) .
For the inference of most parsimonious trees, 30 random taxa addition replicates were done using default settings, including gaps coded as missing characters. Bootstrap support for the branches was based on 500 replicates, using random taxa addition and otherwise default settings.
Neighbour-joining analyses were based on general time-reversible modelled distances. Branch support was evaluated with 500 bootstrap replicates. For Bayesian analyses, a general time reversible model of evolution, was used. Rate heterogeneity across sites was modelled with a gamma distribution. Four chains starting with a random tree were run for 1 M generations, retaining each 100th tree. The first 1 K trees of the 10 K collected trees were discarded, and the subsequently calculated consensus trees were based on the remaining 9 K trees. The 50% majority rule consensus tree was calculated using PAUP*.
RESULTS
PCR and DNA sequencing
DNA was successfully extracted and amplified from the herbarium specimens of Spathulospora adelpha and S. antarctica. The respective collections of the specimens were made six and 29 years prior to DNA extraction. The specimens were air dried upon collecting, and stored in a herbarium until extraction. The DNA extraction and amplification from two herbarium collections of S. phycophila failed. These samples were collected 21 and 29 years prior to extraction, and were stored in formalin. The PCR bands obtained in Spathulospora phycophila collection J.K. 4198 with primers ITS1-F/ITS2 were cloned (data not shown). The resulting DNA sequences were all from bitunicate ascomycetes commonly handled in our laboratory, or from Aureobasidium pullulans (data not shown). The failure to obtain DNA from formalin preserved specimens agreed with results from other studies that found that formalin storage decreased the nucleic acid content of the samples as compared to preservation by drying (Doyle & Dickson 1987 , Pyle & Adams 1989 , Haines & Cooper 1992 .
The lengths of the Spathulospora DNA sequences obtained were respectively 2872 and 2774 bp for Spathulospora adelpha and Spathulospora antarctica. The sequences consisted of the SSU (1729 bp for Spathulospora adelpha, 1726 bp for Spathulospora antarctica), ITS region (554 bp/467 bp), and LSU (589 bp/581 bp). The ITS1 region of Spathulospora adelpha and Spathulospora antarctica differed at 37 % of the sites, ITS2 in 47 % of the sites, the 5.8S in 10 % of the sites. The ITS and 5.8S regions were not used in any phylogenetic analyses.
Evidence that the DNA sequences generated for S. adelpha and S. antarctica were not from contaminants is as follows. Blast searches to check for similar DNA sequences in GenBank were used (Altschul et al. 1997) . The SSU sequences, ITS regions containing the 5.8S gene, and the LSU sequences of S. adelpha and S. antarctica were blasted separately. No identical matches were found. All searches yielded closest matches to taxa in the Pezizomycotina, between 86-90% DNA sequence identity in the aligned regions (data not shown). Additionally, DNA from S. adelpha was extracted twice, and yielded identical ITS1 sequences (data not shown). Phylogenetic analyses showed that the S. adelpha and S. antarctica SSU sequences were divergent from all other taxa in the analyses, including the closest Blast search matches. All phylogenetic analyses from both SSU and LSU sequences demonstrated that the Spathulospora species were each others closest relatives, reflecting their morphological similarity. None of the fungi in the Lulworthiales shown to be closest relatives to Spathulospora, had ever been present in our laboratory.
Phylogenetic analyses
SSU rDNA
To determine the placement of Spathulospora in the kingdom fungi, an SSU rDNA gene alignment was created with Chytridium confervae (GenBank accession no. M59758) as outgroup, and including Boletus satanas (M94337) as representative of the Basidiomycota. The ascomycetes were represented with taxa from all subphyla : Four representatives from the Taphrinomycotina (Z27393, L27658, X58056, U00971), two from the Saccharomycotina, and one representative from each order of the Pezizomycotina. Preliminary analyses showed that Spathulospora grouped with representatives of the marine Lulworthiales (Sordariomycetes, Pezizomycotina) (data not shown). To facilitate phylogenetic analyses, all taxa outside of the Pezizomycotina were excluded from subsequent analyses, except for two representatives of the Saccharomycotina as outgroups. The representation of the Lulworthiales was increased to include all taxa from the Lulworthiales in GenBank, nine Lulworthia spp. and four Lindra spp. Next, after preliminary analyses, two short sequences of Lulworthia spp. (U46876 and U46875), as well as Lulworthia spp. (AF050479) and Lindra thalassiae (AF195634) sequences that were very similar to retained sequences, were excluded. Analyses showed that none of the excluded sequences were closely related to species of Spathulospora, but that their inclusion significantly prolonged the phylogenetic analyses (data not shown). The resulting SSU rDNA alignment used for final phylogenetic analyses was submitted to Tree-BASE (Matrix M1805), and comprised 58 taxa and 1785 characters. 790 characters were variable (44 %), of which 522 were parsimony informative (30 %). Two most parsimonious trees were obtained, of 2790 steps each (CI=0.428, RI=0.537) (data not shown). The two trees differed by the disposition of Togninia fraxinopennsylvanica, which either grouped with Xylaria polymorpha, or Cryphonectria cubensis.
All nodes relevant for this study were supported by all analyses (Fig. 14) . These were monophyly of the Sordariomycetes with 100, 95, and 96% support in Bayesian, parsimony and neighbour-joining analyses, monophyly of the Lulworthiales plus Spathulospora with 100, 100, and 94 % support, and monophyly of the Laboulbeniomycetes with 100% support in all analyses. In other studies, monophyletic Sordariomycetes was also supported in analyses by Tehler Little & Farris (2003) , a monophyletic Lulworthiales in absence of Spathulospora by Kohlmeyer, Spatafora & Volkmann-Kohlmeyer (2000) , and a monophyletic Laboulbeniomycetes without statistically supported affinity to any other class by Weir & Blackwell (2001) . Outside the Lulworthiales, there were no contradictions in branching order between the Bayesian, parsimony Fig. 11 . Lulworthia calcicola. Longitudinal section (6 mm) through subiculate ascoma, with neck. Bar=100 mm. Fig. 12 . Lulworthia sp. Ascospore with mucilage exuding from the apical chambers. Bar=25 mm. Fig. 13 . Kohlmeyeriella tubulata. Ascospore with mucilage exuding from the apical tubes. Bar=20 mm. Fig. 11 in brightfield, the others in Nomarski differential interference contrast. 14. Phylogenetic 50% majority-rule consensus tree from Bayesian analyses based on SSU rDNA sequences including representatives of all orders of the Pezizomycotina. Bayesian posterior probabilities are by the branches. For the nodes of interest for this study, parsimony and neighbour-joining bootstrap support percentages have been added in this order of succession. Branches of interest supported by 100% of the replicates in all analyses are in bold. DNA sequences generated in this study are in boldface. This study showed that Spathulospora was not closely related to the morphologically similar insect fungi from the Laboulbeniales, but grouped with high support in all analyses in the Lulworthiales of the Sordariomycetes (boxed support values). The closest relative of Spathulospora could not be determined, since branching order within the Lulworthiales differed between the types of analyses.
Dipodascopsis uninucleata
and neighbour-joining trees, for branches with more than 56 % support (data not shown). The branching order within the Lulworthiales differed between the analyses, and no closest relative to the Spathulospora could be identified. In the Bayesian tree, Spathulospora were sister clade to a group containing Lindra marinera and other taxa with 82 % support (Fig. 14) , in parsimony analyses, Spathulospora were sister group to L. grandispora with 79% support (data not shown), and in the neighbour-joining analyses the branching order of the major groups in the Lulworthiales was not resolved (supported by 52% or less of the bootstrap replicates, data not shown).
LSU rDNA
A LSU dataset contained a more restrictive taxon sampling than the SSU dataset, aimed at testing if Comparison of topologies between the most parsimonious trees, the Bayesian consensus tree, and the neighbour-joining tree showed that they shared the following nodes of importance to this study (Fig. 15) : The Lulworthiales plus Spathulospora were supported by 100, 91, and 86 % of the replicates in Bayesian, parsimony and neighbour-joining analyses, respectively. The Sordariomycetes were supported by 100 and 96% of the Bayesian and parsimony replicates. Neighbour-joining supported a Sordariomycetes without Nigrospora sp., which grouped within the Laboulbeniomycetes, as sister group to Stigmatomyces protrudens with 71 % bootstrap support. However, this contradicts morphological evidence and the results from other molecular studies, and might be due to the short length of the Nigrospora sp. DNA sequence which was about half the length of most other sequences included in the analyses. Bayesian and parsimony analyses supported the monophyly of the Laboulbeniomycetes with respective 100 and 80 % of the replicates (Fig. 15) .
As in SSU analyses, a closest relative of Spathulospora could not be determined. Common to all analyses was that within the Lulworthiales and Spathulospora group, Lulworthia medusa, L. uniseptata, and L. fucicola were basal to the remainder of the taxa of which parsimony analyses saw Spathulospora as sister group to the Kohlmeyeriella tubulata isolates with 71 % support (data not shown). Neighbour-joining did not resolve the branching order at this level, and Bayesian analyses supported the monophyly of Spathulospora with Lindra and Lulworthia taxa (Fig. 15) . Lastly, Phialophora verrucosa, which has somewhat similar phialides as species of Spathulospora, grouped in all analyses distantly to Spathulospora, outside the Sordariomycetes (Fig. 15) .
DISCUSSION
Spathulospora, Laboulbeniomycetes, and Phialophora
The main goal of our study was to test whether Spathulospora is closely related to the insect parasitic Laboulbeniomycetes. The results are unambiguous in this regard : Spathulospora is closely related to marine saprobes in the Lulworthiales and not to the Laboulbeniomycetes. Phylogenetic analyses based on SSU and LSU DNA sequences all agree that Spathulospora adelpha and S. antarctica are each others closest relatives, grouping within the Sordariomycetes, in the order Lulworthiales (Figs 14-15) . Laboulbeniomycetes is not a member of the Sordariomycetes, but groups with uncertain affinity in the Pezizomycotina. This agrees with results from Weir & Blackwell (2001) who in absence of Spathulospora concluded that a separate class for laboulbeniaceous fungi was warranted. Another possible relative to Spathulospora is Phialophora : Phialides in Spathulospora are somewhat similar to the ones in Phialophora (Kohlmeyer 1969 , Kohlmeyer & Kohlmeyer 1975 ). However, a close relationship between Phialophora verrucosa and Spathulospora was not consistent with our results. In the LSU analyses, Phialophora verrucosa grouped outside of the Sordariomycetes (Fig. 15) .
Spathulospora within the Sordariomycetes
Several authors previously speculated about a close relationship of Spathulospora to pyrenomycetous fungi in the Sordariomycetes, based on morphological similarities. These are described in detail below. Some members of the Halosphaeriaceae, which at the time still contained Lulworthia, with their one-celled, appendaged ascospores, non-hyphoid ascogenous tissue, and thin-walled, early deliquescing asci were considered particularly similar (Kohlmeyer 1973) . Also, lobed appressoria, formed after germination of ascospores of S. lanata are similar to those found in unrelated taxa of ascomycetes, for instance Buergenerula and Gaeumannomyces in the Magnaporthaceae in Sordariomycetes. Kohlmeyer & Kohlmeyer (1975) , and later Walker et al. (1979) noted that the appressoria produced by S. phycophila were functionally little different from the ones of other fungi, like Fusarium and Verticillium, now classified in the Hypocreales of Sordariomycetes. Nakagiri (1993) and Nakagiri & Ito (1997) described two new fungi, Hispidicarpomyces galaxauricola and Retrostium amphiroae that they judged as morphological intermediates between Spathulospora and members in the genera Chadefaudia (Halosphaeriales) and Haloguignardia (Phyllachorales), of the Sordariomycetes. Thus, the phylogenetic placement of Spathulospora inferred from DNA data is Table 1 . GenBank accession numbers of DNA sequences used, boldface denoting sequences generated in this study. Classification according to Eriksson et al. (2003) compatible with the opinions of various authors based on morphological evidence.
Spathulospora within Lulworthiales
The placement of Spathulospora in the Lulworthiales had never been proposed and the question arose if this finding is supported by any morphological characters. The Lulworthiales at present contain the genera Lulworthia, Lindra, and Kohlmeyeriella (Campbell et al. 2002) , characterized by the following morphological traits : Ascomata globose to subglobose, immersed or superficial, ostiolate, papillate or with a long neck, coriaceous to subcarbonaceous, brown to black, with or without subiculum (Fig. 11) . Paraphyses absent, centrum initially filled with a hyaline, thinwalled pseudoparenchyma, dissolving at maturity. Asci eight-spored, clavate to fusiform, unitunicate, thinwalled and deliquescing early. Ascospores fusiform to filamentous, hyaline, septate or non-septate, with or without a mucus-containing chamber at each end (Figs 12-13) (Kohlmeyer 1968 , Jones, Johnson & Moss 1983 , Kohlmeyer et al. 2000 . Spathulospora clearly agrees with these morphological characters given for Lulworthiales. All species of Spathulospora have bottle-shaped or subglobose ascomata seated on a thin stroma (subiculum), with periphysate ostioles, inner peridium composed of hyaline, flattened cells (Figs 1, 3 and 7), and thin-walled, unitunicate, club-shaped or fusiform asci arranged in a hymenium, but without paraphyses ; asci are thin-walled and deliquescing containing eight one-celled ascospores with apical appendages (Figs 4 and 8) (Kohlmeyer 1973) . A comparison between ascospore appendages of S. adelpha and S. antarctica with Lulworthia and Kohlmeyeriella species reveals a shared, derived character that until now had not been recognized, i.e. appendages/apical chambers filled with mucus that is released in the process of spore attachment (Figs 4, (8) (9) (10) (11) (12) (13) .
On the other hand, there are several striking morphological differences between Spathulospora and members of the Lulworthiales. The most impressive is the presence of trichogynes and spermatia producing antheridia (Figs 2, 5 and 9), as well as sterile hairs, particularly elaborate in S. adelpha (Fig. 1) and S. phycophila (Kohlmeyer 1973 , Kohlmeyer & Volkmann-Kohlmeyer 2003 as described in the introduction. These structures are clearly absent in Lulworthiales, but occur in other members of the Sordariomycetes, such as Neurospora (Bistis 1981) . Another difference is the reduced hyphal growth of Spathulospora which might be due to the filamentous nature of the red algal host (Nakagiri 1993) . All five Spathulospora species are in fact parasites of the genus Ballia, which has thin thalli, lacking parenchymatous tissue (Fig. 6 ). This feature is also in stark contrast with Lulworthia, Lindra and Kohlmeyeriella, which are all decomposers. Lulworthia kniepii, producing ascomata inside coralline algae, such as Lithophyllum, Porolithon and Pseudolithophyllum, may be the only exception (Kohlmeyer & Kohlmeyer 1979) , but it has none of the morphological characters, such as thallus, sterile hairs, antheridia and trichogynes, that appear to be so characteristic of Spathulospora. Also, it is not clear, if L. kniepii can be considered a parasite in the true sense, because Bauch (1936) determined that the hyphae do not penetrate the cells of the host and do not decompose the calcified cell walls, but live solely on the pectincontaining middle lamellae. Therefore it is possible that the fungus derives its nutrients from parts of the host damaged by other causes.
TAXONOMY
Taxonomically, Spathulospora was placed in its own family in the order Spathulosporales (Kohlmeyer 1973) , and Eriksson et al. (2003) recognized Spathulosporomycetes tentatively as a separate class. This study shows that Spathulospora should be included in the Sordariomycetes, and suggests that the Spathulosporales are nested within the paraphyletic Lulworthiales. Given our incomplete taxon sampling, we would prefer to await further studies prior to revising the circumscriptions of the two orders Spathulosporales and Lulworthiales. The position of the remaining taxa in the Spathulosporales, Hispidicarpomycetaceae (Nakagiri 1993) and Retrostium amphiroae (Nakagiri & Ito 1997) must remain unresolved at present, and the two taxa should be placed in Ascomycota incertae sedis pending further investigations. Eriksson et al. (2003) , assuming a Capronia anamorph (Untereiner & Naveau 1999) . c This paper.
CONCLUSION
Our results unambiguously show that Spathulospora has its closest relatives among filamentous marine ascomycetes and its reduced morphology represents convergent similarity to terrestrial insect fungi in the Laboulbeniales.
